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Abstract
In the framework of the RSII-n model with n compact and one infinite extra dimen-
sions, we study the production of Z-bosons and photons, which escape into the bulk, in
association with a jet in pp collisions at the LHC energies. This would show up as the
process pp→ jet+ 6ET . We calculate the distributions in the jet transverse momentum
and rapidity and compare them with the Standard Model background pp → jet + νν¯.
We find that the models with n ≥ 4 can be probed at the collision energy 14 TeV,
while searches at 7 TeV are sensitive to models with n ≥ 6 only.
1 Introduction
One potentially interesting property of the brane-world scenario with extra dimensions of
infinite size is the emission of particles from the brane to the bulk [1, 2, 3]. This is one of the
ways in which extra dimensions may open up in experiment [4, 5, 6, 7] and also in astroparticle
physics and cosmology [8, 9]. A four-dimensional observer residing on the brane is unable to
detect particles escaping to infinity in extra dimensions, so the observable signature is missing
energy. This is analogous to the ADD model [10], in which the Kaluza-Klein gravitons
are also undetectable, and their emission would also manifest itself as missing energy [11].
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This analogy goes further: in the case of infinite extra dimensions, the spectrum of four-
dimensional masses of escaping particles is continuous, while the KK graviton spectrum is
also nearly continuous in the ADD model.
A particular setup that ensures the gravitational quasi-localization of various bulk fields
on the brane is a model with one infinite and several compact extra dimensions, equipped
with the AdS metric [12, 13, 14, 15, 16]. This is a mild generalization of the original Randall-
Sundrum II model [17]. Interestingly, unlike the RSII geometry, the generalized setup quasi-
localizes bulk gauge fields [14, 16]. So, it makes sense to consider the emission of vector
particles from the brane to the bulk and employ this setup as a concrete example.
In our previous paper [7] we performed a phenomenological analysis of the vector boson
emission to the bulk in e+e− collisions. In that case, the promising process is e+e− → γ+ 6ET .
In this paper we extend the analysis to pp collisions at the LHC energies and study the
process pp → jet+ 6ET , where energy is carried away by either photon or Z-boson emitted
into the bulk. Important constraints on the parameters of the setup come from the analysis
of the invisible Z-boson decay [6] which is due to the fact that the massive Z-boson is quasi-
localized, rather then exactly localized on the brane. With these constraints, the prospects
of observation of the process we study are not particulary bright for pp collisions at 7 TeV:
its cross section is small compared to the Standard Model (SM) background pp → jet + νν¯
unless the number of compact extra dimensions is large, n ≥ 6. The situation is better for
pp-collision energy of 14 TeV. In this case, models with smaller numbers of compact extra
dimensions can be probed.
This paper is organized as follows. In Sec. 2 we consider the Standard Model in the
background of warped (4+1+n)-dimensional mectric. We put SU(2)L×U(1)Y gauge sector
of SM into the bulk, while, for definitness, the SM fermions are supposed to be localized
on the brane. In Sec. 3 we consider bulk dynamics of the gauge fields. In Sec. 4 we derive
differential rates of the processes pp→ jet +Zbulk, pp→ jet + γbulk. In Sec. 5 we present our
results and compare the rates with the background process pp → jet + νν¯. We conclude in
Sec. 6.
2 SU(2)L × U(1)Y bulk sector of the Standard Model
Let us consider AdSn+5 metric with n extra dimensions compactified on a torus T
n and one
infinite extra dimension,
ds2 = a2(z)(ηµνdx
µdxν − δijdθidθj)− dz2 = GMNdxMdxN , (1)
where M,N = 0, 1, 2, 3, 5, ..., n+4, n+5, indices µ, ν run from 0 to 3, indices i, j run from 5 to
(n+4) and refer to compact extra dimensions, θi ∈ [0, 2piRi], Ri are the radii of the compact
exrta dimensions, the coordinate xn+5 ≡ z denotes a non-compact spatial dimension. The
2
warp factor is
a(z) = e−k|z|.
The metric (1) is a solution to the (n + 5)-dimensional Einstein equations with fine-tuned
bulk cosmological constant and brane tension. The parameter k is determined by the (5+n)-
dimensional Planck mass and bulk cosmological constant; it is the only free parameter of
the model. We call this setup RSII-n model.
We consider (5 + n)-dimensional SU(2)L × U(1)Y gauge theory with bulk gauge fields
AαM , BM and scalar doublet Φ in the background metric (1). We assume for definiteness that
fermions ψ are localized on the brane and hence depend only on four-dimensional coordinates
x. The action of this model is
S =
∫
d4x dz
n∏
i=1
dθi
2piRi
√
g
[
−1
4
(FαMN)
2 − 1
4
B2MN + (DMΦ)
†DMΦ− V (Φ) + δ(z)LF
]
, (2)
where LF is the fermion Lagrangian,
LF = iq¯L
(
∂ˆ − ig˜1Y
q
L
2
Bˆ − ig˜2σi
2
Aα
)
qL + iq¯R
(
∂ˆ − ig˜1Y
q
R
2
Bˆ
)
qR,
where we consider light quarks only and neglect their masses; summation over quark flavors
is assumed. Here g˜2 and g˜1 are the SU(2)L × U(1)Y bulk couplings, respectively, and V (Φ)
is the standard Higgs potential. We consider the Higgs phase of the theory and perform the
usual redefinition of the gauge fields,
ZM =
1√
g˜21 + g˜
2
2
(−g˜1BM + g˜2A3M) , AM = 1√
g˜21 + g˜
2
2
(
g˜2BM + g˜1A
3
M
)
,
W±M =
1√
2
(
A1M ∓ iA2M
)
.
Then the relevant part of the action (2) takes the following form:
S =
∫
d4x dz
n∏
i=1
dθi
2piRi
√
g
[
−1
4
F 2MN −
1
2
|WMN |2 +m2W |WM |2−
1
4
Z2MN +
1
2
m2ZZ
2
M +δ(z)Lf
]
,
where m2W =
1
4
g˜22v
2 and m2Z =
1
4
(g˜22 + g˜
2
1)v
2 are the bulk masses squared of the gauge fields.
Note that photon remains massless. Here Lf is the quark Lagrangian in the Higgs phase,
Lf = Lf,EM + Lf,W , where
Lf,EM = e(5)
∑
q
Qq q¯γ
µAµq,
Lf,W = g˜2
2
√
2
(
u¯γµ(1− γ5)W+µ d+ h.c.
)
+
g˜2
2 cos θW
∑
q=u,d
q¯γµ
(
T 3q (1− γ5)− 2Qq sin2 θW
)
Zµq,
where e(5) = g˜2 sin θW = g˜1 cos θW is the bulk electromagnetic coupling and Qq is the quark
electric charge.
3
3 Bulk dynamics of the gauge fields
3.1 Bulk Z-boson
In this section we study the properties of the bulk vector fields. We assume that the sizes of
compact extra dimensions are small, so that at energies of interest we have
√
s 1/Ri. Then
the masses of KK modes inhomogeneous in compact dimensions are large and we can ignore
KK excitations on the torus. Hence, we take into account only the gapless and continuous KK
spectrum corresponding to the motion along the z direction. Before proceeding further, let
us discuss the properties of the usual Z-boson in this model. Since the fermions couple only
to the components Zµ of the field ZM , it is consistent to set Z5 = ... = Zn+5 = 0 and split the
Z-boson wave function into longitudinal and transverse parts, Zµ = pµZL(p, z) + 
µZT (p, z).
Once the fermion masses are neglected, the fermion currents are conserved on the brane, so
the longitudinal Z-bosons are not emitted. The equation of motion for the transverse mode
ZT (p, z) is (
−∂25 + (2 + n)k sign(z)∂5 +m2Z −
m2
a2
)
Zm(z) = 0, (3)
where ZT (m, z) ≡ Zm(z) and m is the four-dimensional mass. We also note that odd
eigenmodes of (3) do not interact with the fermions localized on the brane. Even eigenmodes
Zm(z) are normalized with the measure e
−nk|z|:∫
dz e−nk|z|Zm(z)Zm′(z) = δ(m−m′). (4)
The solution to Eq. (3) is
Zm(z) =
√
m
2k
e(
n
2
+1)k|z|
[
amJν
(m
k
ek|z|
)
+ bmNν
(m
k
ek|z|
)]
, (5)
where the order of the Bessel functions is ν =
√
(1 + n/2)2 + (mZ/k)2. The coefficients am
and bm are determined by the boundary condition on the brane ∂zZm(+0)− ∂zZm(−0) = 0
and the normalization condition a2m + b
2
m = 1, following from (4). We find
am = − Bm√
B2m + 1
, bm =
1√
B2m + 1
,
where
Bm =
Nν−1(mk ) +
k
m
(n
2
+ 1− ν)Nν(mk )
Jν−1(mk ) +
k
m
(n
2
+ 1− ν)Jν(mk )
. (6)
In the low energy limit only modes with m k are relevant, and the expression (6) simplifies,
Bm = −
2 Γ2(n
2
+ 1)
pin
·
(m
2k
)−n(
1− m
2
Z
m2
n
(n+ 2)
)
.
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Figure 1:
Bulk Z-boson coupling parameter squared versus four-dimensional mass m for various num-
bers of extra dimensions n. The values of k for different n are given in Table 3.1.
In this limit, the squared wave function on the brane is
Z2m(0) =
Γ2(n
2
+ 1)
pi2(1 +B2m)
·
(m
2k
)−n−1
=
n2
4
· m
4
Γ2(n
2
)
·
(m
2k
)n−1 1
(m2 −M2Z)2 +m2Γ2RS(m)
,
where
ΓRS(m) =
2pi
nΓ2
(
n
2
)m(m
2k
)n
, MZ = mZ
√
n
n+ 2
. (7)
Hence, for k  MZ , Z-boson is quasi-localized on the brane, and MZ and ΓRS(MZ) are its
mass and invisible decay width, respectively. In particular, Z2m(0) tends to the delta function
as ΓRS → 0:
Z2m(0) =
nk
2
· 1
pi
ΓRS
2
1
(m−MZ)2 +
(
ΓRS
2
)2 → nk2 · δ(m−MZ). (8)
This yields the relation between the four-dimensional and five-dimensional couplings, e(4) =
e(5)
√
nk
2
.
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The fact that Z-boson is not exactly localized on the brane implies the lower bounds on
the parameter k. They come from the requirement that the invisible decay width of Z-boson
does not exceed the experimental uncertainty [18]:
ΓRS(MZ) ≤ ∆ΓZtot = 1.5 MeV.
These bounds are collected in Table 3.1. When presenting numerical results, we will consider
the values of k saturating these bounds.
n 1 2 3 4 5 6
k,GeV 5.5 · 106 2 · 104 2.5 · 103 900 400 300
Table 3.1: The lower bounds on the parameter k for various numbers of compact extra
dimensions n.
Coming back to the general discussion, we collect (5) and (6) and find the expression for the
wave function at the brane:
Zm(0) =
1
pi
√
2k
m
1√[
Nν−1(mk ) +
k
m
(n
2
+ 1− ν)Nν(mk )
]2
+
[
Jν−1(mk ) +
k
m
(n
2
+ 1− ν)Jν(mk )
]2 .
(9)
This wave function determines the coupling of fermions to the mode Zm. Hence, it is useful
to introduce the Z-boson coupling parameter gZeff(m) =
√
2
nk
Zm(0) . Expanding the Bessel
functions at large argument in (9) one finds gZeff(m) '
√
2
pink
for m/k  1. We show
[gZeff(m)]
2 as function of m in Fig. 1. Away from the Z-pole, the effective coupling increases
with m and flattens out at large m. Note that the curves in Fig. 1 correspond to different
values of k. This explains the fact that the large-m asymptotics in Fig. 1 are higher for
larger n, while for fixed k, the asymptotic values of the effective coupling decrease with n as
gZeff ∼ n−1/2.
3.2 Bulk photon
Let us now turn to the bulk photon. We again set A5 = ... = An+5 = 0. The equations of
motion for the bulk photon are
pµ∂zAµ = 0, (10)(
−∂2z + (2 + n)k sign(z)∂z −
p2
a2
)
Aλ +
1
a2
pµpλAµ = 0, (11)
Eqs. (10) and (11) have a constant solution with respect to the z-coordinate, A
(0)
µ (p, z) ≡
A
(0)
µ (p) = const. This zero mode describes photon localized on the brane. The normalization
condition is ∫ ∞
∞
dz e−nk|z| |A(0)| 2 = 1, (12)
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Figure 2:
Bulk photon coupling squared versus four-dimensional mass m for various numbers of extra
dimensions n. The values of k for different n are given in Table 3.1.
which gives A(0) =
√
nk
2
. There is also gapless continuum of bulk modes:
Am(z) =
√
m
2k
e(
n
2
+1)k|z|
[
fmJn
2
+1
(m
k
ek|z|
)
+ gmNn
2
+1
(m
k
ek|z|
)]
, (13)
with the normalization condition f 2m+g
2
m = 1 and boundary condition on the brane ∂zAm(+0)−
∂zAm(−0) = 0. Explicitly, Eq. (13) reads:
Am(z) =
√
m
2k
e(
n
2
+1)k|z|
[
Nn
2
(
m
k
)
Jn
2
+1
(
m
k
ek|z|
)− Jn
2
(
m
k
)
Nn
2
+1
(
m
k
ek|z|
)]√
J2n
2
(
m
k
)
+N2n
2
(
m
k
) , (14)
The interaction of these modes with the brane fermions is determined by their wave functions
at the brane, which are given by
Am(0) =
1
pi
√
2k
m
1√
N2ν−1(
m
k
) + J2ν−1(
m
k
)
. (15)
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Figure 3:
The process pp→ jet + +Zbulk(γbulk).
Like in Section 3.1, we introduce the coupling parameter gγeff(m) =
√
2
nk
Am(0). For the
relatively light modes with m/k  1 it is suppressed, gγeff(m) '
√
n
2k
1
Γ(n
2
)
(
m
2k
)n−1
2 . However,
this suppression disappears at high energies, gγeff(m) '
√
2
pink
at m/k  1. In Fig. 2 we
show [gγeff(m)]
2 for various numbers of extra dimensions n. We again note that the curves
in Fig. 2 correspond to different values of k.
Two remarks are in order. First, models with gapless spectra of photons, like the one
considered in this paper, are strongly constrained by low energy physics experiment [4, 5]
and astrophysics [5, 8]. We are not going to use these constraints in what follows, since
they can be evaded by giving a relatively small gap to the bulk vector bosons (see Ref.
[19] for concrete example). Second, interactions of the photon zero mode with bulk fields
is potentially dangerous [19], since this mode is inhomogeneous in the extra dinmension
z. Likewise, the interaction of the quasi-localized Z-boson with bulk fields is potentially
dangerous, so having SU(2)L gauge theory in the bulk may be problematic. We leave this
issue for further analysis and proceed with our phenomenological study at the linearized
level.
4 The process pp→ jet + Zbulk(γbulk)
Within the RSII-n model, the most promising process to search for at pp colliders is pp →
jet+Zbulk(γbulk), see Fig. 3, where the jet originates from gluon or quark, and Zbulk and γbulk
manifest themselves as missing energy. In this Section we derive the rate of this process. We
express it in terms of differential cross section, where the contributions of different KK modes
of both bulk Z-boson and bulk photon have been summed up. In the RSII-n model this sum
is actually the integral over m. The differential cross sections for the parton subprocesses
8
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Figure 4:
Differential cross section of the process pp → jet + Zbulk(γbulk) (dashed lines) versus the
jet transverse momentum pT for various numbers of compact extra dimensions n = 3, 4, 5, 6.
The rapidity of a jet is integrated within the interval |y| < 2. The Standard Model background
is pp→ jet+νν¯ (solid line). The center-of-mass energy of incoming protons is √s = 14TeV.
The values of k are given in Table 3.1.
q¯q → gZbulk(γbulk), gq¯ → q¯Zbulk(γbulk) and gq → qZbulk(γbulk) are written as follows:
dσij = (2pi)4δ(4)(pi + pj − pk − q)
∑|Mij|2
4NijI
d3pk
(2pi)32p0k
d3q
(2pi)32q0
dm, (16)
here I = (pipj), the partons are treated as massless, m is the four-dimensional mass of
Z-boson or photon, whose dispersion relation is m2 = q2, indices i, j denote the incoming,
and k outgoing parton states (q, q¯, g). The sum∑
=
1
4
∑
pol
∑
col
runs over polarization and color. The factor Nij comes from the parton color averaging, it
is equal to Nq¯q = N
2
c and Nq¯g = Nqg = Nc(N
2
c − 1). The energies of outgoing parton and
bulk particles are equal to p0k = |pk| and q0 =
√
m2 + q2, respectively. The four-momenta
of incoming partons are pi = (x1
√
s/2, 0, 0, x1
√
s/2), pj = (x2
√
s/2, 0, 0,−x2
√
s/2), where
9
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Figure 5:
Differential cross section of the process pp → jet + Zbulk(γbulk) (dashed lines) versus the jet
rapidity y for various numbers of compact extra dimensions n = 3, 4, 5, 6. The jet transverse
momentum is integrated over the range pT > 300 GeV. The Standard Model background is
pp → jet + νν¯ (solid line). The center-of-mass energy of incoming protons is √s = 14TeV.
The values of k are given in Table 3.1.
√
s is the collider center-of-mass energy. In the following calculation we denote p3 = pi3 +pj3,
pT =
√
p2k1 + p
2
k2 and pk3 = pT sinh y, where y is the rapidity of the outgoing parton. The
energies of the outgoing particles can be rewritten as p0k =
√
p2T + p
2
k3 = pT cosh y and
q0 =
√
m2 + p2T + (p3 − pT sinh y)2. The Mandelstam variables are equal to
sˆ = (pi + pj)
2 = x1x2s, tˆ = (pi − pk)2 = −x1pT
√
s e−y, uˆ = (pj − pk)2 = −x2pT
√
s ey.
The relation sˆ+ tˆ+ uˆ = m2 gives
m2 = x1x2s− x1pT
√
s e−y − x2pT
√
s ey = x1x2s
(
1− 1
2
xT
x2
e−y − 1
2
xT
x1
ey
)
≥ 0, (17)
where xT = 2pT/
√
s is the fractional transverse energy of the outgoing parton. The inequality
(17) defines the kinematically allowed region for the subprocesses with particles escaping from
our brane. The differential cross section of the process pp → jet + Zbulk(γbulk) is written as
10
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Figure 6:
Same as in Fig. 5, but with the transverse momentum integrated over the range pT > 900
GeV.
follows:
dσ
dpTdy
(pp→ jet + Zbulk(γbulk)) =
∑
q=u,d
∫ 1
0
dx1
∫ 1
0
dx2 θ(m
2)
×
{[
fq(x1, µ)fq¯(x2, µ) + fq(x2, µ)fq¯(x1, µ)
] d2σ
dpTdy
(q¯q → gZbulk(γbulk))
+
([
fq(x1, µ)fg(x2, µ) + fq¯(x1, µ)fg(x2, µ)
] d2σ
dpTdy
(qg → qZbulk(γbulk))
+
[
fq(x2, µ)fg(x1, µ) + fq¯(x2)fg(x1, µ)
] d2σ
dpTdy
(gq → qZbulk(γbulk))
)}
(18)
where fi(x, µ) are parton distribution functions. The parton differential rates are obtained
by integrating Eq. (16) over m and q:
dσ
dpT dy
(ij → kZbulk(γbulk)) = pT
8piNijmx1x2s
∑
|M(ij → kZbulk(γbulk))|2. (19)
Squared matrix elements for the subprocesses obey the crossing symmetry relations
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Figure 7:
Same as in Fig. 4, but for the center-of-mass energy of incoming protons equal to 7 TeV.
∑
|M(gq → qZbulk(γbulk))|2 = −
∑
|M(q¯q → gZbulk(γbulk))|2
∣∣∣
sˆ↔tˆ
, (20)∑
|M(qg → qZbulk(γbulk))|2 = −
∑
|M(q¯q → gZbulk(γbulk))|2
∣∣∣
sˆ↔uˆ
. (21)
Due to the relations (20) and (21), only one squared amplitude for the subprocesses needs
to be calculated. For the bulk Z-boson in the final state we obtain∑
|M(q¯q → gZbulk)|2 = 8pi2ααS(N2c − 1)
∑
λ=L,R
(Iqλ)
2 tˆ
2 + uˆ2 + 2m2sˆ2
tˆuˆ
· 2
nk
Z2m(0), (22)
where α = e2/(4pi) and αS = g
2
S/(4pi) are the electromagnetic and strong couplings, and
Zm(0) is the wave function of the bulk Z-boson given by Eq. (9). The factor I
Z
qλ
is the
combination of the weak isospin T 3qλ and weak hypercharge Yqλ :
IZqλ = T
3
qλ
cos θW
sin θW
− Yqλ
2
sin θW
cos θW
.
The amplitude similiar to (22) with γbulk in the final state reads∑
|M(q¯q → gγbulk)|2 = 16pi2ααS(N2c − 1)Q2q
tˆ2 + uˆ2 + 2m2sˆ2
tˆuˆ
· 2
nk
A2m(0), (23)
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Same as in Fig. 6, but for the center-of-mass energy of incoming protons equal to 7 TeV.
where Qu = 2/3, Qd = −1/3 are the quark electric charges, and the factor Am(0) is given
by Eq. (15).
5 Signal at the LHC
In this section the distributions in jet transverse momentum and jet rapidity are calculated
for the process pp → jet+ 6ET , where the energy is carried away from the brane by either
bulk Z-boson or bulk photon. We compare these distributions with the main Standard
Model background that comes from the processes pp→ jet + νν¯. This background has been
computed using the program COMPHEP [20]. In our numerical calculations, GRV LO PDFs [21]
are used throughout. The factorization scale of the PDFs is fixed at µ = 1 TeV. Only u and
d flavors are activated since numerical calculations show that the contributions of the other
flavors are negligible. We begin our discussion with the case of the proton collision energy
equal to 14 TeV. In Fig. 4 we show pT distributions for the processes pp→ jet +Zbulk(γbulk)
for various numbers of compact extra dimensions n = 3, 4, 5, 6. The cut on the jet rapidity
is |y| < 2 for both signal and background. For n = 6 and n = 5, the signal cross section
dominates over the Standard Model for pT > 500 GeV and pT > 750 GeV, respectively. The
13
signal is below the background for n = 3, 4. It is clear from Fig. 4 that the cross section of
pp→ jet + Zbulk(γbulk) grows with the increase of n. This is mainly because larger values of
k are allowed for larger n, see Table 3.1. We pointed out in section 3 ( see also Figs. 1, 2)
that the effective coupling of bulk fields has a plateau in the high region. This explains the
fact that for any given number of compact dimensions, the ratio of signal to background is
higher in the high mode region, and hence at larger pT . The jet rapidity distributions with
the cut pT > 300 GeV are shown in Fig. 5. These distributions are correlated with the
plots shown in Fig. 4, since the main contribution to the SM background comes from the
region 300 GeV < pT < 750 GeV. To enhance the signal with respect to background we
consider also the cut pT > 900 GeV. This is shown in Fig. 6. In the cases n = 5, 6 signal
cross sections are larger than the Standard Model background; for n = 4 the signal is not
negligibly small either. These results are in agreement with the pT distributions shown in
Fig. 4.
Now we turn to case
√
s = 7 TeV. In Fig. 7 we show the jet transverse momentum
distribution with the cut |y| < 2. Obviously, the situation is worse at this energy, and only
the case n ≥ 6 can possibly be probed. This is also clear from Fig. 8, where we plot the jet
rapidity distribution with the cut p > 900 GeV.
6 Summary
In this paper we have performed the study of the production of the bulk Z-boson and
photon at the LHC in the framework of RSII-n model. This process would show up as
pp → jet+ 6ET . The differential distributions in jet rapidity and jet transverse momentum
have been calculated and compared with the SM background. Our analys shows that at the
total energy 14 TeV, models with the numbers of compact extra dimensions n ≥ 4 can be
probed, provided that the values of the parameter k of these models is close to the existing
lower bounds. The sensivity is much worse at the total collision energy 7 TeV: in that case,
one can at best start probing the models with n ≥ 6.
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